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Abstract
Manipulation and trapping of single molecules in solution is a useful tool for
studies of biological molecules and molecular dynamics, but has to date been
implemented in only one or two dimensions. The goal of the research in this thesis is to
develop a microfluidic device to address the need for three-dimensional manipulation of
single fluorescent molecules in solution. The device consists of two pairs of platinum
electrodes deposited onto two standard borosilicate glass coverslips via ultraviolet
microlithography and ionic sputtering. The two coverslips are sandwiched together such
that the electrode tips form a tetrahedral configuration, and by applying appropriate,
digitally controlled voltages to each of the four electrodes, the apparatus generates an
electric field of selectable directionality and magnitude in the region centered among the
electrodes. This field is used to induce motion of the molecule that is to be manipulated
through both electrophoresis, for the case of a charged target, and electro-osmosis, for an
ionic solution. With the implementation of a Köhler epi-illumination scheme, wide-field
imaging with an electron-multiplying charge-coupled device (EM-CCD) is used to
visualize the motion of latex beads, which range in size from 624 nm to 1.091 µm, and to
thereby characterize the electrophoretic and electro-osmotic motion.
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1 Introduction
The manipulation of the motion of single molecules in solution by use of electric
fields is a valuable tool for a variety of studies of biological molecules such as proteins
and nucleic acids [1]. However, to date its implementation has only been demonstrated in
one or two dimensions. In particular, the prolonged observation of an untethered single
molecule in solution requires a means for trapping to prevent its escape from the region
of observation by Brownian diffusion. The goal of this research is to develop a
microfluidic device for three-dimensional (3D) manipulation of single fluorescent
molecules in solution using electric fields and to characterize the motion of microscopic
test particles within the device.

1.1 Manipulation of particles
There are many different schemes for manipulating and trapping single molecules
in solution. The most straightforward technique is to simply immobilize the target by
covalently binding or tethering it to a surface or to a larger particle, which can then be
manipulated mechanically or by other means [2]. While this has the benefit of fixing the
particle to an absolute position or to an easily manipulated object, the usefulness of such
techniques is limited. Covalent binding to a ligand or tether often perturbs the molecule,
yet the changes may not be readily apparent. For instance, the use of a tether could impair
the biological activity of the molecule. Additionally, the binding location on the molecule
of interest is not always well known, as most biomolecules have multiple sites available
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for covalent bonds. Also, there may be unwanted interactions between the molecule and
the surface.
Another commonly employed method of manipulating small particles is optical
trapping. Under suitable conditions, one can trap a particle in the waist of a focused laser
beam. This effect is similar to trapping a beach ball in a slipstream of air. Provided the
ball is smaller in diameter than the slipstream and the force of the air is strong enough to
overcome gravity, the ball is held in place. As it drifts towards one edge, the pressure on
the opposite side decreases and the restoring force of the slipstream returns it to the
center. In the case of the particle in a laser beam waist, the forces exerted are a result of
radiation pressure and the geometries of the forces are related to the dielectric mismatch
of the solution and the particle being trapped [3][4]. The size of the particle that can be
manipulated is dependant on the irradiance of the laser, which varies with the inverse of
the cube of the particle’s radius. Therefore, for nanometer-scale single biomolecules,
extremely intense light would be required. The irradiance would be high enough to either
very rapidly photobleach the fluorescent label (the sample no longer emits photons) or
otherwise photodamage the molecule (the biological function is impaired).
An alternative is to use electrokinetic manipulation, where the term
―electrokinetic‖ means any or all of electrophoretic, dielectrophoretic, and electroosmotic effects [5]. Electrophoresis refers to the migration of ions, or charged molecules
or particles within a fluid due to an applied electric field. Particles are quickly accelerated
to a terminal velocity determined by the viscosity of the medium and the hydrodynamic
radius of the particle. The electrophoretic speed scales linearly with the charge on the
particle and the strength of the electric field. Dielectrophoresis describes motion of
2

particles with induced charges in a non-uniform electric field. This induced charge is not
uniformly distributed over the surface of the particle and creates a macroscopic dipole
that interacts with the non-uniform field. In this case, the force on a particle scales with
the cube of its radius and therefore, small particles require very high electric field
gradients/field strengths [6]. Finally, electro-osmosis refers to a flow induced in an ionic
solution due to an applied electric field [7]. The fluid velocity is a result of forces on ions
in the electric double layer, which consists of inner and outer layers next to the solid
surface of the fluid container. The inner layer refers to the interfacial region of the
solid—which is charged at the surface—and the fluid. The fluid is effectively immobile
at this interface due to electrostatic forces. The outer layer consists of mobile ions in
solution. When an electric field is applied, the free ions experience a force and drag the
surrounding liquid by viscoelastic force. The most important aspect of electro-osmosis is
that, similar to electrophoresis, the terminal speed scales linearly with the strength of the
applied field. Additionally, since both electrophoresis and electro-osmosis require a
uniform electric field, and a surface will exist in any device fabricated, both mechanisms
will usually act simultaneously in the manipulation of particles.
Several schemes that utilize electrokinetic forces for trapping have already been
devised and implemented. A one-dimensional trap has been demonstrated that confines a
single molecule within a 100 nm square channel through the use of a single anodecathode pair and feedback provided by sensing the position of the molecule with two
spatially separated, pulse-interleaved laser beam foci [8]. For two dimensions (2D), the
ABEL (Anti-Brownian ELectrokinetic) trap has been developed [9][10]. It consists of a
planar device with four electrodes sandwiched between two layers of fused silica. While
3

allowing movement of the particle in two dimensions, the depth of the device is only
~400 nm. Although both these devices have successfully trapped single molecules, the
confinement in one or two dimensions affects the molecular kinematics due to
interactions of the molecule with the trap walls, mostly through collisions.
Consider a spherical particle of 20 nm diameter in an aqueous solution with a
diffusion coefficient of D = 21.8 µm²s 1. The mean time required for a molecule to
diffuse from one wall to the opposite one is given by t = d²/(2D), where d is the distance
between the walls. Hence, for a one-dimensional square nanochannel (100 nm per side),
an upper limit for the mean time between collisions with the walls is 230 µs and the rate
of collisions with the walls is > 4000 s 1. Even the 2D ABEL trap, with 400 nm wall
separation, experiences a collision at least every 3.7 ms for a collision rate of >250 s 1.
Lower limits for collision rates in the 1D and 2D traps for some common objects and
macromolecules have been calculated and are listed in Table 1. These are considered
conservative estimates, as a molecule near an interface will most likely ―bounce‖ off the
same surface repeatedly, rather than diffuse to another side. To illustrate this, a Monte
Carlo simulation of a particle freely diffusing between two walls was produced in
collaboration with Will Robinson at UTSI and was used to estimate the total collision rate
under different conditions. Each collision is considered to be complete when the
molecule has diffused into the bounce layer, collides with the wall, and exits the bounce
layer. The results are given in Table 2 for bounce layer thicknesses chosen to model
typical values of the electric double layer.
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In this improved model, the collision rates are an order of magnitude higher than
previously estimated.
Particles in a three-dimensional trap, however, experience no wall collisions and
can be considered freely diffusing in solution. For this reason, electrokinetic control in
three-dimensions is very desirable. Adam Cohen, the developer of the ABEL trap, has
suggested in his PhD dissertation an arrangement of eight electrodes by stacking two sets
of four electrodes to give control in three-dimensions [9], but has not yet implemented
such a design. Likewise, there have been groups proposing the use of traveling wave
dielectrophoretic devices, but these rely on both complex geometries and field
modulation and would not be suitable for nanoscopic single molecules, as they would
require very high field gradients and field strengths [11].
In keeping with the concept of stacking two sets of electrodes for an ABEL trap,
the device developed in this thesis incorporates a novel scheme for electrokinetic control
in three dimensions. Finite-volume time domain (FVTD) numerical analysis performed at
UTSI by Dr. Zbigniew (Peter) Sikorski using ESI CFD-ACE+ has demonstrated that a
configuration of eight electrodes—one at each vertex of a cube—is unnecessary. In fact,
just a tetrahedral arrangement of four electrodes separated by as much as 200 µm will
allow for the creation of a uniform electric field of controllable orientation and strength in
the center region [12].
Chapter 2 reports the construction of a device with a similar layout, as well as the
characterization of the motion of particles within the device, using techniques described
in Section 1.2 below.

5

1.2 Characterization of motion
There are two methods under consideration in this thesis for characterizing
particle motion: video photography and confocal microscopy. Video tracking has the
advantage of being wide-field and hence is frequently used in biological studies such as
intracellular transport of proteins, as it allows multiple particles to be tracked at the same
time. Although recently available electron-multiplying charge couple device (EM-CCD)
cameras provide gain sufficient for detection of single molecules and even of single
photons, the frame rate is rather slow (~ 30–600 frames/sec) unless only a small area of
the CCD is used, which diminishes the advantage of wide-field imaging. Current
commercially available high-gain CCDs can achieve 1000 frames per second, and since
the diffusion coefficient for a macromolecule, such as a 20 nm diameter spherical bead, is
~20 µm² s 1 in water [9], the mean diffusion distance in the 1 millisecond between frames
is ~200 nm. It is evident that such cameras can adequately track large molecules.
However, for the most part, video tracking is two-dimensional, being restricted to objects
in the imaged plane. Methods such as using a cylindrical lens to determine the distance
from the image plane based on computational fitting of the observed horizontal or
vertical aberration [13], using beam samplers to examine multiple image planes [14], or
even use of a spatial light modulator to create a double-helix 3-D point spread function,
which yields the axial position from the orientation of the image [15], may be used to
estimate the position in the third dimension. However, these methods require custom
hardware and analysis. Moreover, for trapping a single molecule within a micron-sized
region, it will be necessary to provide feedback to adjust the electric field with a time
delay or latency of less than ~10−100 microseconds (but as low as possible). Therefore,
6

although an EM-CCD camera is used in this thesis for characterization of motion by
wide-field tracking of particles, a method for characterizing motion based on confocal
microscopy with a single-photon avalanche diode (SPAD) detector is also under
development, as described below.
Confocal microscopy is a dominant technique for the study of single fluorescent
molecules, because it provides superior signal-to-noise and also enables multi-photon
excitation, as well as sub-nanosecond, time-resolved measurements of the fluorescence
lifetime. The underlying theory behind confocal microscopy is to limit the probe volume
with the use of a pinhole. A high numerical aperture (NA) microscope objective
(typically water immersion) is used to collect fluorescence from the probe volume. The
collected light is focused through a pinhole, which serves to reject light from beyond the
probe volume. The pinhole is then imaged onto a detector; such as a photomultiplier tube
or a SPAD. While it is limited to probing a very small volume, the use of such detectors
in confocal microscopy can provide much finer temporal resolution than a CCD. The
SPAD enables the timing of individual photons to be recorded and used to measure
fluorescence lifetimes, flow parameters, molecular orientation, inter-molecular
mechanics, and much more [2]. However, because the confocal microscope uses a small
probe volume, the imaging of wide areas can only be accomplished through raster
scanning, which is often too slow to obtain full frame information and is unsuitable for
trapping. Additionally, the collection volume is non-spherical; it is much longer in the
axial dimension (typically by a factor of 5) than the beam waist, making the
determination of particle position along the focus less precise.
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To extend confocal microscopy to the tracking of particles in three dimensions,
there are several techniques; the most common methods are to scan the confocal volume
in an orbit around the particle [16] or to collect fluorescence from a number of confocal
regions surrounding the particle [17]. The scanning laser method redirects a laser beam
around a circular path with the use of two acousto-optical modulators (AOMs), one for
each transverse dimension. As a particle drifts towards the edge of the circle defined by
the sweeping beam waist, its fluorescence becomes modulated. The depth of modulation
yields the radial position and the phase yields the angular position of the molecule with
respect to the center of the circle. The scanning laser technique can be extended into three
dimensions by adding a piezoelectric translation stage to the microscope objective mount
or sample holder to extend the circular scan to one that alternates between two different
planes. While this method of particle characterization offers resolution in three
dimensions, the longitudinal piezoelectric translation is orders of magnitude slower than
the transverse AOM modulation. Although AOMs are faster than CCDs, the scanning of
the beam is still limited to about 10 MHz by the time taken for sound to travel across the
beam waist of the laser focused within the AOM.
An alternative to the scanning laser method is currently being developed at UTSI
for future experiments in single-molecule trapping. Much of this work is within the M.S.
thesis of James Germann, but some aspects have also been a part of this thesis research.
The alternative method uses a four-laser-focus geometry and two-photon fluorescence
excitation. Rather than scanning a single laser beam in a circular path, four beams with
sequential time delays are focused to different overlapping regions comprising the
confocal detection volume. The beams are thus spatially separated and temporally
8

interleaved. Time-gated single-photon detection then enables identification of the beam
that excites each detected fluorescence photon. The position of the single molecule can
thus be determined from the numbers of photons generated by each beam [12]. Also, as
an extension of fluorescence correlation spectroscopy, it is possible to measure the 3dimensional velocity components of the fluid through the confocal volume by finding the
autocorrelation and cross-correlation functions of the sequence of photons detected from
each of the four beams. A means of globally curve-fitting the 16 cross-correlation
functions was developed as part of this thesis research and this will be used in future
work in collaboration with James Germann to characterize the motion of particles in the
device.
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2. Experimental Apparatus
This chapter describes implementation of the four-electrode single-molecule
manipulation device that was introduced in Section 1.1 and it gives details of the
procedures for characterizing particle motion within the device that were discussed in
Section 1.2. In Section 2.1, the photolithographic procedure for fabricating the electrodes
is described. Section 2.2 discusses the procedure for assembling the electrodes to form
the device and for loading a sample solution containing the particles to be manipulated.
Section 2.3 provides details on the optical configuration of the microscope. Section 2.4
briefly describes the connection of the device to a computer-controlled data acquisition
card for applying voltages to the electrodes and the programs that were written for this
purpose and for analyzing images of particle motion within the device.

2.1 Electrode-Pair Fabrication
The base for each of the two electrode pairs consists of a standard #1.5
microscope coverslip, which is 22 mm square, 0.17 mm thick, and made of borosilicate
glass. Several procedures for fabricating gold and platinum electrodes on the coverslips
were studied as part of this thesis research. The final procedure that was selected is
illustrated in Figure 1. Thorough cleaning of the coverslips is essential to spin coating an
even layer of photoresist, as well as providing an adequate bonding surface for ionic
sputtering. First, the coverslips were placed in ultrapure water (Barnsted International,
Nanopure UV) in a glass beaker and subjected to an ultrasonic bath for 10 minutes in
order to remove large particulates (Figure 1-A). They were then dried in a stream of
10

filtered nitrogen gas and submerged into a beaker containing a 1:1 Piranha solution of
90% concentration H2SO4 (sulfuric acid) and 35% concentration H2O2 (hydrogen
peroxide) for 15 minutes, to remove residual organic matter or small particulates not
removed during the ultrasonic bath [18]. Immediately following the Piranha bath, the
coverslips were flushed with ultrapure water, dried again, and lightly etched for 3
minutes in an aqueous solution of 2% hydrofluoric acid to prepare the surface for
bonding. After a final water flush and nitrogen dry, they were baked at 100˚C for 5
minutes to remove any residual moisture that could interfere with spin coating the
photoresist (Figure 1-B).
Although the photoresist AZ 5214 E is most commonly used in negative transfer
mode [19], the decision was made to use positive transfer mode due to its ease of use and
the desire for tight dimension control. With negative microlithography, the UV-exposed
photoresist would provide the base layer for the subsequent layer (platinum). While this
has the benefit of allowing the platinum to bond strongly, it adds thickness in the zdirection.
Following the hydrofluoric etching, a coverslip was mounted in the spin-coater
and AZ 5214 E was dispensed through a 0.2 µm filter. Spin coating proceeded in two
stages: 300 rpm for 10 seconds followed by 3000 rpm for 30 seconds to provide a
uniform, 1.62 µm layer. The coated coverslips were then baked on a hot plate for 1
minute at 90˚C to cure the photoresist (Figure 1-C).
The design for the electrode pair photomask was prepared in AutoCAD and is
shown at the top of Figure 2. This design was used by collaborators at the Vanderbilt
Institute for Integrative Biosystems Research and Education (VIIBRE) to fabricate the
11

photomask, which is shown at the bottom of Figure 2. Unneeded features are taped over
with UV blocking film and the photomask is placed directly onto the coated coverslip,
aligned with the aid of a base plate. It should be noted that all windows in the clean room
were fitted with UV blocking film and all procedures were performed under yellow
illumination to prevent accidental exposure. The photoresist AZ 5214 E requires 200 mJ
cm 2 to dissolve cross-links and allow for removal with AZ 500K developer [19]. Ideally,
an intense UV source should be used to minimize exposure time; longer times can lead to
―light leaks‖, which degrade features.
The UV source used in this work is an EFOS/EXFO N2001-A1 Novacure UV
spot curing light source and the required exposure time with this source is 7 seconds. The
exposed coverslips are then developed for 17 seconds in a 4:1 solution of ultrapure water
and AZ 500K, which removes the exposed regions (Figure 1-D). Following a quick flush
with distilled water and drying with nitrogen, the coverslips are left uncovered overnight
to degas in preparation for ionic sputtering. Typically, when sputtering metals such as
gold onto glass, an intermediate adhesion layer of chrome is first applied. Unfortunately,
a chrome sputtering target is not available, so direct sputtering of platinum onto the glass
is used instead of gold, because of its similarly high conductivity but higher glassbonding affinity. With the use of an ionic sputtering chamber, a 200 nm layer is deposited
on the coverslip (Figure 1-E).
The final step in fabricating the electrode pair is to lift off the unwanted
photoresist and platinum. This is done by submerging the coverslips in an organic
solvent; in this case, acetone. To speed the process, the desired lift-off regions were
manually scored to create multiple access points to the unexposed photoresist.
12

Additionally, the coverslips were manually agitated and a pipette was used to squirt
solvent directly onto the center region to help clear any residual photoresist near the tips
of the pattern (Figure 1-F). Finally, the coverslips were rinsed in methanol, and then
cleaned with ultrapure water in an ultrasonic bath for 10 minutes (Figure 1-G). This stage
removes any particulates remaining after lift off and can be applied, along with acetone,
between experiments to allow for coverslip reuse.
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Figure 1. Electrode-pair fabrication procedure.
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Figure 2. AutoCAD design of the photomask (top) and the photomask itself (bottom, with
unused features taped off).
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2.2 Device Assembly
This section details the manufacture and assembly of the holder designed to
mount the coverslips and electrode pairs and provide the required electrical terminals for
connection to the digital power supply. Figure 3 shows the stages of assembly of the base
plate, which I designed in AutoCAD and made from Plexiglas in the UTSI machine shop.
As shown in Figure 3-B, the underside of the central shaft of the base plate has been
countersunk to accommodate the short working distance of the microscope objective used
in the confocal microscope. While this limits the x and y travel, countersinking was
preferable to limiting the thickness of the base plate, which would then have been
significantly more difficult to manufacture and easily broken.
The base plate is first secured to the piezoelectric stage of the confocal
microscope with M3 hex screws (Figure 3-A). The piezoelectric stage is not used in this
experiment; it serves only as a mounting base. One of the electrode pair coverslips is
placed into an insert milled into the base plate, to prevent movement, with the platinum
electrodes facing up (Figure 3-C). Next, four platinum wires of 100 µm diameter are
attached to their corresponding terminals and laid along the diagonals of the coverslip
(Figure 3-D). These provide electrical contact with the electrodes, as well as maintaining
the desired 100 µm spacing between the two layers. It is vital that the connection wires
used are the same material used in the fabrication of the electrodes. The use of different
metals in solution results in a Galvanic cell, which can produce potentials that are
sufficient to induce an undesired flow.
Once the platinum wires have been secured, a single drop of sample solution is
deposited onto the central region of the coverslip (Figure 3-E). The second coverslip is
16

then placed onto the wires so that its electrodes are facing downwards and oriented
perpendicular to the first pair (Figure 3-F). At this point, a 40× microscope is used to
roughly align the electrode tips of the top coverslip to those of the first (Figure 3-G). The
crosspiece is then clamped in place with M3 hex screws. The base piece is mounted in
the confocal microscope and the positions of the tips are finely tuned within the setup
using the EM-CCD camera in live mode (Figure 3-H, 3-I).

17

Figure 3. Mounting rig assembly procedure.
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2.3 Optical Setup
The experimental setup was designed to accomplish two goals: wide-field
imaging for device characterization and confocal detection with a four-focus, two-photon
excitation configuration for tracking position and velocity of single molecules, as
discussed in Section 1.2. The focus of this work is wide-field imaging, but fast
acquisition and confocal detection capabilities will be needed for future work, and thus
have also been under development during the course of this research.
Figure 4 shows the optical layout used for imaging particles in the device. First, a
white-light source (Edmund Optics, Fiber-Lite Illuminator) is collimated (Figure 4-A)
and focused by a 150 mm focal length bi-convex lens (Figure 4-B) to the back focal point
within the microscope objective to achieve Köhler illumination, that is, illumination with
a collimated beam in the object space of the objective. The confocal microscope is
constructed for two-photon excitation and uses a Ti:Sapphire laser mirror (Figure 4-C)
instead of a dichroic filter for pump removal, and hence only a portion of the white-light
beam reflects from this mirror into the objective (Olympus, infinity-corrected, waterimmersion, 60×, NA 1.2), The objective re-collimates the white-light beam for wide-field
illumination of the sample held in the assembled mounting rig (Figure 4-D). This epiillumination technique is preferred over forward illumination (Figure 4-E). Figure 5-A
shows that forward illumination results in diffraction rings, while Figure 5-B shows that
these are eliminated with Köhler illumination. However, for some instances, such as
alignment of the electrodes, diffuse white-light forward illumination was used.
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Figure 4. Wide-field imaging setup.
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Figure 5. (A) Forward illumination with diffuse white light. (B) Epi-illumination with
collimated white light.
21

The light scattered from the particles within the sample is collected by the
objective and passes back along the same path and on through the laser mirror. It is then
focused with a 150 mm focal length lens (Figure 4-F) through an iris and onto the EMCCD (Andor, iXon+ model 897) for image acquisition (Figure 4-G). Use of the included
software, Solis, enables rates up to 1000 frames per second to be achieved, but 14 frames
per second is the typical rate used for continuous full-frame transfer operation.
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2.4 Voltage Control and Programs
A counter/timer card (National Instruments, PCI-6602, Figure 4-I) is used to
supply DC voltage to the device’s four electrodes. The card provides TTL (transistortransistor logic) output levels of 0V or +5V. A voltage divider (Figure 4-H) consisting of
four 50 MΩ potentiometers with a shared ground is used to step down the voltage
supplied to the device. While not variable in real time, the output for each individual
channel can be manually adjusted between +0.1V and +5.0V.
Several programs were developed for use in the experimental setup and data
analysis. First, control of the voltages supplied to the electrode device was coded in
LabVIEW. Figure 6 shows the front panel for the voltage control VI (virtual instrument).

Figure 6. Screen shot of the front panel of the LabView VI for control of voltages to the
device.
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In addition to joystick manipulation (where voltage is applied for the duration of the
button press) in three dimensions, the voltage can also be applied for a discrete length of
time defined by the user. SubVIs have also been added to allow the user to alternate
voltages between electrode pairs on a single axis. The oscillation rate is defined by the
user as the path ―on time.‖ Finally, a subVI was written to allow the user to move the
particle in a rectangular-shaped orbit in the xy-plane, with the length of a side again
defined by the variable path ―on time.‖ Note that this is the closest approximation to a
circular orbit that can be achieved with only stepped-down TTL voltage levels.
The program ―Solis‖ supplied by Andor with their EM-CCD camera was used to
acquire images and movies, which were saved as multi-layered, 512 × 512 pixels, 16-bit
grayscale, tagged image format (TIF) files. A Matlab script was written to read in these
TIF files and apply appropriate image contrast to each frame before converting to a video
file (AVI format). Additionally, the absolute intensity difference between adjacent frames
is calculated and the resulting image stack is collapsed to a single image. This, in
combination with pixel size scales, allows characterization of motion in response to field
intensity and duration in the image plane.
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3. Results
As discussed in the previous section, an EM-CCD camera was used to capture
video of the device in use. A 0.5% solution of polystyrene beads (DOW Diagnostics,
either 1.091 or 0.624 µm diameter) in distilled water was prepared and introduced to the
device. The image plane was first set on the bottom electrode pair and then translated 50
µm (with the use of a sub-micron-resolution vernier micrometer) to the central region of
the device. All measurements were taken from this focal position.

3.1 Motion of Beads in the Electric Field
First, a 0.5 Hz, 0.5 V signal was applied across the x-axis and imaged at
approximately 14 fps (frames per second) to test the ability to manipulate particles and to
characterize the uniformity of the electric field. Figure 7-A is a composite image of 100
consecutive frames (covering approximately 7.2 s) that have been treated as described in
Section 2.4. The motions of the beads trace out the field lines. Not only do the results
agree qualitatively with the simulation, which is shown in Figure 7-B [12], but also the
uniform region of the electric field appears to cover more of the central region than
initially expected. This is probably a result of the difference in dimensions used to
construct the actual device versus the dimensions used in the model. The simulation
assumed rectangular, narrow (15 µm) electrodes separated by a distance of 200 µm,
while the patterned electrodes are much wider, have rounded tips (50 µm radius), and are
separated by only 100 µm. Therefore, the electric field of the physical device more
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Figure 7. (A) Flattened image stack of 1.091 µm beads in water oscillating at 0.5Hz along
the x-axis. (B) Numerical simulation of the electric field produced by an electrode pair
(calculated using ESI CFD-ACE+ by Z. Sikorski [12]).
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loosely approximates a parallel plate capacitor, while the model produces a field more
closely resembling the inhomogeneous field between point-like electrodes.
In similar fashion, movement of beads and approximate uniformity of the electric
field near the center of the electrodes were confirmed for the y-axis with a 1.7 Hz, 0.5 V
signal, as shown in Figure 8. The image quality is poorer than that in Figure 7 because
the light source used in the epi-illumination was moved during image acquisition.
Next, a 1 Hz, 0.5 V signal was applied to alternating coplanar pairs to actuate the
beads along the z-axis. This is difficult to characterize, as wide-field CCD imaging is
limited to a thin focal plane. The distance from the focal plane can be calculated by
measuring the radius of the Airy disc, but without the use of multiple image planes or

Figure 8. Flattened image stack of 1.091 µm beads in water oscillating at 1.7 Hz along
the y-axis.
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calibration measurements, this analysis yields loose approximations at best [13]. As a
result, there has been no attempt to quantify the vertical displacement, only to show that
manipulation along the z-axis has also been attained. Figure 9 is a series of four images
from a movie of a bead actuating in the aforementioned field. The bead is initially located
out of the image plane (Figure 9-A); then a potential is applied for 0.5 s, shifting it into
focus (Figure 9-B). It is then moved back out of focus by the reverse potential (Figure 9C) before moving entirely out of the field of view due to close proximity to the +y
electrode (Figure 9-D).

A

B

t=0s

t = 0.5 s

C

D

t = 1.0 s

t = 1.42 s

Figure 9. Series of images of a 1.091 µm bead in water oscillating at 1 Hz along the zaxis.
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Finally, 300 ms, 0.5 V pulses were cycled through each electrode in turn to move
the beads in rectangular paths. Figure 10-A is a composite image of 20 frames
(approximately 1.4 s), clearly showing the bead return to its approximate starting
position. The center position of each bead has been marked and the path has been
highlighted in Figure 10-B. The motion is clockwise, but the rectangular path is not
regular due to the offset of the bead from the center region of the device, where the
electric field is most uniform. Additionally, the bead is free to diffuse in three-dimensions
while being manipulated, and thus diffusion contributes slight deviations to the path.
Figure 11-A is a composite image of 12 frames (approximately 0.86 s), where the same
cycle has been applied with 200 ms pulses. As expected, the side length has decreased by
a factor of one-third. Again, the centers of the beads have been marked and their paths
highlighted in Figure 11-B. Note that axial motion of the beads (along the z-axis) is also
expected but is not discernable in the images of Figures 10 and 11.

29

Figure 10. (A) Flattened image stack of 1.091 µm beads in water traveling in rectangular
paths (~300 ms per side). (B) Same as (A) but with center of bead marked in each frame
to highlight the path.
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Figure 11. (A) Flattened image stack of 1.091 µm beads in water traveling in rectangular
paths (~200 ms per side). (B) Same as (A) but with center of bead marked in each frame
to highlight the path.
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3.2 Measurements
The final step to characterizing the motion of particles in the device was to
measure the speed of motion for different applied voltages. Figure 12 is a composite
image of 15 frames, showing a 1.091 µm bead moving through the center region in
response to a 1 s pulse of 0.1 V applied along the x-axis. The magnification of the
microscope is given by M = ftube/fobj where fobj is the focal length of the objective (3 mm)
and ftube is the focal length of the tube lens (150 mm); thus the magnification is 50×. A
single pixel on the EM-CCD spans 16 µm, establishing a scale of 1 image pixel = 0.32
µm. The location of the bead within each frame was determined to within the nearest
pixel; no attempt was made to fit the image of a bead to find sub-pixel position
information. This yields a displacement of 14.2 ± 0.64 µm from initial to final bead
position (direct route). This displacement corresponds to a speed of 14.2 ± 0.64 µm s 1.
Additionally, as the displacement between the bead positions in the first and second
frame varied by less than a standard deviation and the exposure time was 30.3 ms, it can
be inferred that the response time is less than 41.4 ms. This treatment was repeated for
0.3 V (Figure 13) and 0.5 V (Figure 14), resulting in displacements of 43.9 ± 0.64 µm
and 71.7 ± 0.64 µm and speeds of 43.9 ± 0.64 µm s 1 and 71.7 ± 0.64 µm s 1,
respectively.
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Figure 12. Flattened image stack of 1.091 µm beads in water with 0.1 V applied over 1 s.

Figure 13. Flattened image stack of 1.091 µm beads in water with 0.3 V applied over 1 s.
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Figure 14. Flattened image stack of 1.091 µm beads in water with 0.5 V applied over 1 s.

Clearly, in this regime, the displacement/velocity response is directly proportional
to the applied potential, as seen in Figure 15. However, it would be expected that this
linear relationship would eventually break down for much higher voltages. Effects
including heating, electric breakdown, electrolysis and other material properties will
eventually limit the response.
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Figure 15. Bead response to voltage increase showing a linear relationship with voltages.

In addition to the results presented above, movies were also made of the motion
of 0.624 µm beads in the field. In this case, it was observed that for a given potential
difference between electrodes, the speed of these smaller beads was considerably faster
than that of the 1.091 µm beads (effective speed of 191.58 ± 0.65 µm s 1), as seen in
Figure 16. The velocity scales approximately with d 2, where d is the diameter of the
bead. This would be expected if electrophoresis contributes to the motion and if the lower
viscous drag of the smaller beads (scaling with d 2 ) is not matched by charge differences.
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Figure 16. Flattened image stack of 0.624 µm beads in water with 0.5 V applied over 50
ms.
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4. Conclusion and Future Work
A method of trapping single molecules in three dimensions has been established
and the use of a unique tetrahedral arrangement of four electrodes has been proposed to
provide the means for controllable manipulation of a single molecule. The device has
been constructed and an approximately uniform, 3-D orientable electric field has been
confirmed. Manipulation of micron-sized polystyrene beads in three dimensions has been
demonstrated. Additionally, their movement has been characterized in the xy-plane,
showing a linear relationship between applied voltage and terminal velocity. To trap a 20
nm particle in a region of radius r = 1 µm, one must impart a velocity greater than the
mean diffusive velocity over this scale. The mean time taken to diffuse a distance r is t =
r2/2D = (1 µm)2/(2·21.8 µm2s 1) = 0.0025 s, which gives a velocity of 1 µm/0.0025 s or
40 µm s 1. As shown in Section 3.2, velocities exceeding this figure have been obtained
for much larger objects. Furthermore, these velocities exhibit a d 2 dependence, where d
is the diameter of the object, suggesting that the necessary velocities (for smaller objects)
could be generated with the use of less voltage. In comparison, the ABEL trap must use
higher voltages—up to 30 V—due to the much larger separation between electrodes
(~1.35 cm) [9].
The goal of ongoing work is refinement and use of the device to trap a single
molecule, such as a fluorescently labeled protein. There are a number of steps that are
required to achieve this goal. First, measurements of speed and response time must be
performed with higher temporal resolution. While an upper bound has been set for the
response time, further experiments are needed to determine the actual response time and
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explore the effect on trapping, particularly on the single-molecule scale. Higher frame
rates can be attained by utilizing sub-region read-out of the EM-CCD. Next, the
relationship between hydrodynamic radius and speed should be explored with smaller,
nanoscopic fluorescent beads (<100 nm) utilizing Köhler laser illumination for wide-field
imaging; a HeNe laser would perform well with Alexa 632 tagged beads. Finally, while
control in the z-axis has been observed, further characterization is needed. There is a
possibility that although electrophoretic motion can be induced along the vertical axis (zaxis), electro-osmotic motion in this direction would be greatly diminished, if expressed
at all, because the fluid sample is not contained within glass surfaces oriented along the
vertical direction, but is simply held in place between two horizontal glass plates by
surface tension and capillary attraction.
To achieve even faster time response, future experiments are planned with a
SPAD. In this case, the particle motion and position within a small confocal volume will
be measured. In order to sense the position of a single molecule, a four-focus
configuration, set up by James German, will be used. As shown in Figure 17, this will be
realized by the use of a double Mach-Zehnder interferometer configuration, operating
with femtosecond Ti:Sapphire laser pulses (repetition rate 76 MHz) which are split into
four temporally interleaved pulses (effective rate 304 MHz) and focused to the vertices of
a tetrahedron (approximately one micron per side) within the central electrode region to
generate two-photon-excited fluorescence from single molecules. The timestamp data
from this four-focus probe, collected with a custom fast-timing SPAD, will enable
characterization of particle motion and position through fluorescence cross-correlation
spectroscopy and maximum-likelihood evaluation. This configuration will first be used
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to perform 4-focus fluorescence cross-correlation spectroscopy on freely diffusing,
fluorescent single molecules, to test the means of global curve fitting for recovery of
velocity components already developed. Once this has been accomplished, the last step
will be to develop a feedback mechanism for use with a field programmable gate array
(FPGA) and run trials of trapping with single fluorescent molecules.

Figure 17. Four-focus setup for characterizing motion of single molecules in three
dimensions.
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Table 1. Lower limits for collision rates for differently sized objects in 1D and 2D traps.

Table 2. Simulated collision rates for differently sized objects in 1D and 2D traps with
varying bounce layer thicknesses.
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